Abstract: This study proposes and demonstrates a bidirectional wireless-over-fiber (WoF) transport system based on an optical interleaver, a phase modulator, and an optical bandpass filter (OBPF)-based phase-modulation-to-intensity-modulation converter that can deliver intensity-modulated 60 GHz millimeter-wave (MMW), 30 GHz microwave (MW), and phase-remodulated 15 GHz MW data signals. A broadband light source, comprising an optoelectronic oscillator scheme and an optical signal-to-noise ratio (OSNR) enhancement scheme, is deployed in these bidirectional 60 GHz/30 GHz/15 GHz WoF transport systems. For downlink transmission, light is promoted optically from a 5 Gbps/ 15 GHz MW data signal to 5 Gbps/60 GHz MMW and 5 Gbps/30 GHz MW data signals in fiber-wireless convergence. The downstream light is phase remodulated successfully using a 5 Gbps/15 GHz MW data signal for uplink transmission. Through a thorough examination of such bidirectional 60 GHz/30 GHz/15 GHz WoF transport systems, the bit error rate (BER) is observed to perform well over a 40 km single-mode fiber and a 4 m RF wireless transmission. This bidirectional 60 GHz/30 GHz/15 GHz WoF transport system is a prominent alternative not only because of its advancement in integrating optical fiber and RF wireless networks but because of the benefits of communication links for broader bandwidth and higher transmission rate as well.
Introduction
Future broadband access networks will be capitalizing on the strengths of both optical and wireless technologies to realize future-proof wireless-over-fiber (WoF) transport systems which improve the information society. By integrating the capacity of optical fiber networks with the mobility and omnipresent of wireless networks, WoF transport systems will develop a powerful platform for the support and creation of emerging and unexpected applications and services [1] - [4] . A WoF transport system employing polarization division multiplexing (PDM)-multiple input multiple output (MIMO)-orthogonal frequency division multiplexing (OFDM) at 100 GHz frequency has been demonstrated [1] . However, such a WoF transport system is inflexible because of unidirectional transport. A 30 Gb/s full-duplex bidirectional transmission optical WoF integration system at W-band has been illustrated [2] . Nonetheless, sophisticated coherent detection and advanced digital signal processing techniques are required. A digitized WoF transport system using sigma delta modulation has been manifested [3] . Nevertheless, expensive high-bandwidth analog-to-digital and digital-to-analog converters are necessary. Full-duplex radio-over-fiber (RoF) transmission systems have also been shown in previous study [4] . However, the intensity-modulated upstream data signal with large optical modulation index incurs performance degradation on the downstream data signal. Hence, to address this problem, a phase modulator can be employed in full-duplex RoF transport systems for up-link transmission because of the constant intensity of phase-modulated data signal [5] , [6] . In this paper, a bidirectional WoF transport system based on an optical interleaver (IL), a phase modulator, and an optical band-pass filter (OBPF)-based phase modulation (PM)-to-intensity modulation (IM) converter to transport downstream intensity-modulated 60 GHz millimeter-wave (MMW) and 30 GHz microwave (MW) data signals, as well as upstream phaseremodulated 15 GHz MW data signal is proposed and demonstrated experimentally. The downstream light is promoted optically from 5 Gbps/15 GHz MW data signal to 5 Gbps/60 GHz MMW and 5 Gbps/30 GHz MW data signals. The downstream light is also phase-remodulated successfully using 5 Gbps/15 GHz MW data signal for up-link transmission. By substituting for the laser diode (LD) for the up-link transmission, network service providers can establish the optical network flexibly. The performances of downstream 60 GHz MMW and 30 GHz MW data signals, and upstream 15 GHz MW data signal are measured and evaluated by bit error rate (BER) parameter. Through an overall examination of such bidirectional 60 GHz/30 GHz/15 GHz WoF transport systems, BER has been observed to perform well over a 40 km single-mode fiber (SMF) and a 4 m RF wireless transmission. This study reveals an outstanding alternative not only because of its advancement in integrating optical fiber and RF wireless networks but because of the advantages of communication links for broader bandwidth and higher transmission rate.
Experimental Setup
The experimental configuration of the proposed bidirectional 60 GHz/30 GHz/15 GHz WoF transport systems is presented in Fig. 1 . A broadband light source (BLS) modulated with a 5 Gbps/15 GHz MW data signal is employed at the transmission site to create multiple equalspace optical sidebands. The modulated light is boosted by an erbium-doped filter amplifier (EDFA), attenuated by a variable optical attenuator (VOA), transmitted through a 40 km SMF link, and then fed into an optical IL that can separate the optical signal into even and odd sidebands. Following the optical IL output with even sidebands [see point (b) of Fig. 1 ], the optical signal travels through an OBPF. After passing through the OBPF, the optical signal is separated by a 1 Â 2 optical splitter. One of the optical signals goes through an optical band-rejection filter (OBRF), thus, the 5 Gbps/15 GHz MW data signal is promoted optically to 5 Gbps/60 GHz MMW data signal. Two optical sidebands spaced by 60 GHz (−2 and +2 sidebands) are produced using an OBPF and an OBRF. The function of the OBPF is to remove the outer optical sidebands, and the function of the OBRF is to suppress the central optical sideband. The 5 Gbps/60 GHz MMW data signal is then detected by a 60 GHz photodiode (PD), boosted by a 60 GHz power amplifier (PA), and wirelessly transmitted by a 60 GHz horn antenna (HA). Over a 4 m RF wireless transmission, the 5 Gbps/60 GHz MMW data signal is received by a 60 GHz HA, boosted by a 60 GHz low noise amplifier (LNA), and down-converted by an envelope detector (ED). After ED detection, the 5 Gbps data stream is filtered by a 5 GHz lowpass filter (LPF), data recovered by a data recovery scheme, and supplied to a BER tester (BERT) for BER performance evaluation. For data recovery scheme, the receiving site generates a clock from an approximate frequency reference, phase-aligns to the transitions in the data stream, and thus regenerates the data stream.
Following the optical IL output with odd sidebands [see point (d) of Fig. 1 ], the 5 Gbps/15 GHz MW data signal is promoted optically to 5 Gbps/30 GHz data signal by producing two optical sidebands spaced by 30 GHz (−1 and 1 sidebands) using an OBPF. Here, the function of the OBPF is to remove the outer optical sidebands. The 5 Gbps/30 GHz MW data signal is then detected by a 30 GHz PD, boosted by a 30 GHz PA, and wirelessly transmitted by 30 GHz HA. Over a 4 m RF wireless transmission, the 5 Gbps/30 GHz MW data signal is received by a 30 GHz HA, amplified by 30 GHz LNA, down-converted by an ED, filtered by a 5 GHz LPF, data recovered by a data recovery scheme, and launched into a BERT for BER performance analysis.
Following the optical IL output with even sidebands [see point (b) of Fig. 1 ], another optical signal is picked up by an optical circulator (OC) combined with a fiber Bragg grating (FBG, c ¼ 1540:16 nm), and then fed into a phase modulator to phase-remodulate the 15 GHz MW data signal. The 5 Gbps/15 GHz MW data signal is launched into a phase modulator, amplified by an EDFA, attenuated by a VOA, and subsequently delivered by another 40 km SMF link. Over a 40 km SMF link, the optical signal passes through an OBPF-based PM-to-IM converter. The signal is then detected by a 15 GHz PD, boosted by a 15 GHz PA, and transmitted wirelessly by a 15 GHz HA. Over a 4 m RF wireless transmission, the 5 Gbps/15 GHz MW data signal is received by a 15 GHz HA, amplified by a 15 GHz LNA, down-converted by an ED, picked up by a 5 GHz LPF, data recovered by a data recovery scheme, and fed into a BERT for BER performance evaluation. In traditional bidirectional WoF transport systems, the upstream MW data signal is received by a wireless receiver and then delivered over a fiber link. In such way, the expensive high-bandwidth wireless amplifiers (30 GHz PA, HA, and LNA) for up-link transmission increase the cost of systems. In our proposed bidirectional WoF transport systems, however, the upstream MW data signal is delivered over a fiber link and then received by a wireless receiver. In this way, the middle-bandwidth wireless amplifiers (15 GHz PA, HA, and LNA) for up-link transmission are employed in systems. It is shown to be a cost-effective option since expensive high-bandwidth wireless amplifiers for up-link transmission are not employed in systems.
As shown in Fig. 2 , the BLS comprises an optoelectronic oscillator (OEO) scheme and an optical signal-to-noise ratio (OSNR) enhancement scheme [7] , [8] . The OEO scheme is composed of a distributed feedback (DFB) LD with a central wavelength of 1540.16 nm, a 50:50 optical splitter, a 15 GHz PD, two 15 GHz RF amplifiers, and a 15 GHz band-pass filter (BPF). The OSNR enhancement scheme is composed of an OC, a delay interferometer (DI), and a reflective mirror. The output of the DFB LD is coupled into the port1 of OC, and the port3 of OC is separated off by a 1 Â 2 optical splitter. Half of the laser output is used for optical signal transmission, the other half of the laser output is used for feedback through an optoelectronic feedback loop. The PD converts laser light into RF signal. The detected RF signal is amplified by a RF amplifier firstly, filtered by a BPF, boosted by a RF amplifier secondly, and fed back into the DFB LD. Thereby, the DFB LD is modulated by a 15 GHz RF signal. A 5 Gbps data stream is mixed with a 15 GHz RF carrier to create a 5 Gbps/15 GHz RF amplitude shift keying (ASK) data signal. Such a 5 Gbps/15 GHz ASK data signal is directly fed into the DFB LD. With an appropriate operation on RF signal, multiple optical sidebands are produced with a channel spacing of 15 GHz. These produced optical sidebands are launched into an OSNR enhancement scheme through the port2 of OC to improve the OSNR values.
Experimental Results and Discussion
For BLS, the number of sidebands created relies on the amplitude of the RF signal produced by the OEO scheme. The OEO scheme is based on converting the laser light to RF signal. It is characterized by having high quality factor (Q-factor) and stability. As to the value of the channel spacing, it is determined by the central frequency of the RF BPF employed in the OEO scheme. In this study, we use appropriate RF signal to modulate the DFB LD, through which multiple optical sidebands (as shown in Fig. 3 ) are created in a channel spacing of 15 GHz (0.12 nm). As the −2 and +2 optical sidebands are taken, the 5 Gbps/15 GHz MW data signal is promoted to 5 Gbps/60 GHz MMW data signal. Similarly, as the −1 and +1 optical sidebands are taken, the 5 Gbps/15 GHz MW data signal is promoted to 5 Gbps/30 GHz one. As the zero sideband (central carrier) is picked, the electrical RF signal cannot be obtained from just only one optical sideband because no beating happens between two separate optical sidebands. Therefore, the zero sideband (central carrier) is utilized as the upstream light source. For the limitation of the data rate by using this kind of BLS, the value of the data rate cannot exceed the value of the RF carrier frequency. That is, at RF carrier frequency of 15 GHz, the maximum data rate cannot exceed 15 Gbps. However, the higher the data rate is transported, the worse the transmission performance is obtained. Thus, to have a trade-off between the data rate and the transmission performance, the data rate transported in the proposed systems is set at 5 Gbps. As to the limitation of the bandwidth by using this kind of BLS, the modulation bandwidth of the DFB LD, PD, and RF amplifiers should be equal to or larger than 15 GHz to satisfy the 15 GHz modulating signal requirement.
The optical spectra of the BLS before and after the OSNR enhancement scheme are presented in Fig. 3 . As the OSNR enhancement scheme is utilized, around 3 dB to 10 dB OSNR value improvement is achieved for optical sidebands. An OC is employed to circuit the optical sidebands into the DI, which is used as an optical comb filter. The reflective mirror is then utilized to reflect the optical sidebands into the DI again. While shifting wavelength range of DI cautiously, the noise level between every two optical sidebands will be suppressed [9] . In result, the OSNR values of the optical sidebands are improved.
The optical spectra of different optical signals at several interesting points in the optical path are presented in Fig. 4(a) -(e) [see insert (a) to (e) of Fig. 1 ]. For down-link transmission, the optical spectra measured at the optical IL input [see insert (a) of Fig. 1 ] and output only with even sidebands [see insert (b) of Fig. 1 ] are presented in Fig. 4(a) and (b) , respectively. Furthermore, the optical spectrum measured at the OBRF output with −2 and +2 sidebands [see insert (c) of Fig. 1 ] is shown in Fig. 4(c) . Because the BLS is modulated with a 5 Gbps/15 GHz MW data signal, the generated optical sidebands are coherent with each other, and the channel spacing between the adjacent optical sidebands is fixed at 15 GHz. As the −2 and +2 sidebands are taken from the OBRF output, the 5 Gbps/15 GHz MW data signal can be optically promoted to the 5 Gbps/60 GHz MMW data signal. Meanwhile, the optical spectrum measured at the optical IL output only with odd sidebands [see insert (d) of Fig. 1 ] is shown in Fig. 4(d) . Furthermore, the optical spectrum measured at the OBPF output with −1 and +1 sidebands [see insert (e) of Fig. 1 ] is presented in Fig. 4(e) . As the −1 and +1 sidebands are taken from the OBPF output, the 5 Gbps/15 GHz MW data signal can be optically promoted to the 5 Gbps/30 GHz MW data signal. Electrical generated RF signal (MMW or MW signal) comes from the beating between two optical sidebands after PD detection, and the carrier frequency of the electrical generated RF signal is the same as the frequency difference between these two optical sidebands.
For up-link transmission, the optical spectrum after the OBPF-based PM-to-IM converter is shown in Fig. 5 . A proper 5 Gbps/15 GHz MW data signal is fed into a phase modulator and resulted in just only the first-order optical sidebands are produced. The peak of the first-order Fig. 3 . Optical spectra of the BLS before and after OSNR enhancement scheme.
optical sidebands is 15 GHz (0.12 nm) from the optical carrier. To consider only the first-order optical sidebands of a phase-modulated signal, the phase-modulated signal S PM ðt Þ can be expressed as [10] where S 0 and w 0 are the amplitude and the angular frequency of the optical carrier, respectively. JnðÀÞ is the nth-order Bessel function of the first kind, and w m is the angular frequency of the modulating signal. As indicated in (1), both sidebands of a phase-modulated signal are out-ofphase by 180 degrees. In this case, if the transmitted 5 Gbps/15 GHz MW data signal is directly detected by a PD, only a DC component will be generated unless one of its sideband is eliminated. The OBPF at the receiving site is adjusted to the phase-modulated optical signal, as shown in the red dash line of Fig. 5 , so that the lower optical sideband is filtered. This leads to an optical PM-to-IM conversion.
The measured BER curves of 5 Gbps/60 GHz MMW data signal for back-to-back (BTB) and over a 40 km SMF as well as a 4 m RF wireless transmission scenarios are shown in Fig. 6 . At a BER of 10 À9 , a large power penalty of 4.7 dB is existed between BTB and 40 km SMF as well as 4 m RF wireless transmission scenarios. The measured BER curves of 5 Gbps/30 GHz MW data signal for BTB and over a 40 km SMF as well as a 4 m RF wireless transmission scenarios are shown in Fig. 7 . A power penalty of 4.2 dB is existed between BTB and 40 km SMF as well as 4 m RF wireless transmission scenarios, at a BER of 10 À9 . The 5 Gbps/15 GHz MW data signal is promoted optically to 5 Gbps/60 GHz MMW and 5 Gbps/30 GHz MW data signals. However, RF power degradation induced by fiber dispersion is produced. With a SMF transmission of more than 40 km, fiber dispersion deteriorates the transmission performance because of the natural characteristics of the two optical sidebands. Moreover, an RF wireless transmission of more than 4 m causes a fading effect that leads to amplitude and phase variations in the received signal and then results in BER performance deterioration. For up-link transmission, the measured BER curves of 5 Gbps/15 GHz MW data signal for BTB and over a 40 km SMF, as well as a 4 m RF wireless transmission scenarios, are shown in Fig. 8 . At a BER of 10 À9 , a small power penalty of 3.7 dB is observed between BTB and 40 km SMF as well as in 4 m RF wireless transmission scenarios. Such result is due to the use of the PM scheme to suppress the distortions created by systems. The PM scheme uses optical phase shift to take down the optical signal state, thereby giving high strength against fiber nonlinearity.
WoF transport systems in MMW and MW bands are developed to provide multi-gigabit mobile applications by making use of the enormous bandwidth of the fiber and the flexibility through wireless delivery. There are even higher MMW and MW frequencies which have much larger data rates available. The MMW band could be exploited to give data rate in excess of 20-40 Gbps over short-range wireless, and the MW band could be exploited to give data rate in excess of 10-20 Gbps over short-range wireless. The advantage of WoF transport systems is that they can enjoy the strengths of both optical and wireless technologies, the inherently large bandwidth of optical fiber as well as the large and unused bandwidth in MMW and MW bands. Serving as fiber long-distance and wireless short-distance technologies, WoF transport systems can cover the service areas with the potential for faster speed and lower cost. Overall, WoF could be deployed in the near future. As the fiber deployment extends to buildings and premises, WoF will take off.
Conclusion
Multiplexing MMW and MW signals in a conventional WoF transport system requires multiple DFB LDs to support different services and applications. These DFB LDs are wavelengthselected for each optical channel, and such a process will increase the cost and complexity of systems. For a real implementation of WoF transport system to transport MMW and MW hybrid signals, it is necessary to develop a configuration with potentially easy and cost-effective characteristics. In this study, a bidirectional 60 GHz/30 GHz/15 GHz WoF transport system is proposed and experimentally demonstrated. A BLS with OEO and OSNR enhancement schemes is employed at the transmission site. Impressive transmission performances of BER are achieved over a 40 km SMF and a 4 m RF wireless transmission. It presents an attractive alternative with simpler and more economic advantages, compared with the traditional bidirectional WoF transport system. For up-link transmission, an OBPF-based PM-to-IM converter is employed to transfer the phase-modulated optical signal into the intensity-modulated optical signal. Thereby, it is not necessary to employ a sophisticated and expensive DI to make a PM-to-IM conversion. Such a bidirectional 60 GHz/30 GHz/15 GHz WoF transport system could be prominent and attractive for two-way fiber-wireless links to integrate optical fiber and RF wireless networks. 
